The reaction of Zr/B multilayers with a 50 nm modulation period has been studied using scanning AC nanocalorimetry at a heating rate of approximately 10 3 K/s. We describe a data reduction algorithm to determine the rate of heat released from the multilayer. Two different exothermic peaks are identified in the nanocalorimetry signal: a shallow peak at low temperature (200 -650°C) and a sharp peak at elevated temperature (650 -800°C). TEM observation shows that the first peak corresponds to heterogeneous inter-diffusion and amorphization of Zr and B, while the second peak is due to the crystallization of the amorphous Zr/B alloy to form ZrB 2 .
I. Introduction
ZrB 2 , classified as an ultra high-temperature ceramic (UHTC), possesses superb thermal, mechanical, and electrical properties, including an extremely high melting point (>3200 C), high thermal/electric conductivity, chemical inertness, excellent thermal shock resistance, and good oxidation resistance.
Due to these benefits, the utilization of this transition metal boride has been proposed for advanced structural applications in extreme environments, such as wing leading edges, nose tips, and propulsion system components of hypersonic vehicles [1] [2] [3] .
The unique set of properties of ZrB 2 stem mainly from the highly covalent nature of the Zr-B and B-B bonding, and the ionic nature of Zr-Zr bonding in the hexagonal closed packed structure (P6/mmm) 1, 4 . ZrB 2 can be prepared using reactive processes, including self-propagating high-temperature synthesis (SHS), spark plasma synthesis (SPS), and reactive hot pressing (RHP). Chemical routes and reduction processes are also available for the preparation of ZrB 2 1 . Regardless of the type of processing methods, fabrication of dense structure of ZrB 2 requires very high temperature and pressure, which makes processing difficult 1, 5 .To overcome challenges such as poor sinterability and difficult densification, and to investigate the thermo-physical characteristics of the material, a great deal of research has been devoted to phase/structure evolution and chemical composition change during ZrB 2 formation. [6] [7] [8] [9] [10] . In this study we employ scanning AC nanocalorimetry to investigate the synthesis of ZrB 2 from reactive multilayers of Zr and B.
Calorimetry of multilayered thin-film materials systems can be used to conduct fundamental studies of the thermodynamics and kinetics of reactions that are not readily accessible in bulk materials systems. [11] [12] [13] [14] [15] . Nanocalorimetry makes it possible to conduct such studies on extremely small samples over a very wide range of heating rates [15] [16] [17] [18] [19] [20] . DC nanocalorimetry, in particular, can be used to make accurate calorimetry measurements at heating and cooling rates in the 4,000-40,000 K/s range, whereas AC ° nanocalorimeters were developed [20] [21] [22] [23] to enable measurements for scan rates below 4,000K/s, bridging the gap between traditional calorimetry and DC nanocalorimetry.
When multilayers with large negative reaction enthalpies react, they release a large amount of thermal energy that can be used for joining two dissimilar materials. For example, nano-structured Ni/Al multilayers have been studied to braze various materials including alloys, bulk metallic glass, and silicon [24] [25] [26] [27] [28] . In this process, the Ni/Al multilayer acts as a local heat source that melts the brazing layers. A small thermal pulse is sufficient to activate the brazing process because the large enthalpy of reaction of Ni and Al, and the short diffusion distances in the multilayer lead to a self-propagating reaction. As the reaction to form ZrB 2 from Zr and B is highly exothermic 4 , it may be possible to use nano-structured multilayers of Zr and B for joining materials, especially in ultra high-temperature applications. This potential application motivated us to investigate the solid-state reaction in Zr/B multilayers.
The aim of this paper is two-fold: 1) the first application of scanning AC nanocalorimetry to a reactive multilayer sample at a heating rate that is not accessible with traditional calorimetry, and 2) investigation of the solid-state reaction in Zr/B multilayers upon heating. We discuss the experimental details of scanning AC nanocalorimetry in Sec. II, III, and V. In Sec. IV, we propose a data reduction method to extract the rate of heat release from the multilayer sample and we verify its validity using finite element simulations. In Sec. VI, we present the results of the scanning AC nanocalorimetry study of a Zr/B multilayer and show that the formation of ZrB 2 proceeds in a two-step process.
II. The nanocalorimetry sensor
Scanning nanocalorimetry measurements were performed on a thin Zr/B multilayer using the parallel nano-scanning calorimeter device (PnSC) 18, 19 . This device consists of an array of nanocalorimeter sensors capable of thermo-physical characterization of samples with very small thermal mass. As schematically drawn in Fig. 1 , each sensor in a PnSC device consists of a metal line encapsulated in a thin non-conducting membrane. The metal line serves both as a heater and as a resistive thermometer in a four-point measurement scheme. During a calorimetry measurement, a current is applied to the metal line and the line heats the sample of interest. Both the applied current and the voltage drop across the resistance thermometer are continuously recorded, enabling precise measurement of the power supplied to the sensor and the temperature of the sample, which is related to the resistance of the heating element by
where R is the resistance of the heating element, is the temperature coefficient of resistance of the line, T 0 is the average temperature of the heating element, and T A denotes the ambient temperature. In a typical measurement, the thermal diffusion lengths of sample and membrane are much larger than their thicknesses, making any temperature gradients in the out-of-plane direction negligibly small 18, 19 .
III.

Scanning AC nanocalorimetry
The nanocalorimetric sensors on the PnSC device can be used to perform either DC or AC measurements depending on the heating rate. DC nanocalorimtery requires a high heating rate (1,000 -40,000 K/s) to minimize any heat loss to the environment. AC nanocalorimetry, on the other hand, is insensitive to heat loss and can be used at heating rates ranging from isothermal to 4,000K/s [20] [21] [22] [23] .
When a current I is supplied to the heating element of a PnSC sensor, the energy balance for the control volume (CV) that contains the sample and sensor addendum as marked in Fig. 1d is (2) where P is the power supplied to the heater, R the resistance of the heating element within the CV, C p the total heat capacity of the CV, and the rate of heat loss to the environment. The enthalpy term H represents the rate at which the sample absorbs or releases heat as a result of solid-state reactions or phase transformations. In the context of this paper, we refer to this term as the reaction enthalpy flow.
In a DC nanocalorimetry measurement, the heating rate needs to be sufficiently large that the heat loss L is small compared with the other two terms in the right hand side of Eq. (2). Knowledge of the power supplied to the sensor and the heating rate then provides the necessary data to determine the calorimetric signal of the sample. At slow scan rates or very high temperatures, the heat loss to the environment becomes so large that DC measurements fail to give meaningful results. In that case, measurements can be performed by means of scanning AC nanocalorimetry. The scanning AC nanocalorimetry technique is discussed at length in references 20 and 22 ; here we provide a brief summary. In scanning AC nanocalorimetry, the sensor is heated with a current that consists of a DC component and an oscillating component with angular frequency ,
If the frequency is high enough, near-adiabatic operation of the sensor can be achieved enabling one to obtain precise values of the heat capacity. For AC nanocalorimetry, the energy balance equation can be written as
where is the temperature of the CV averaged over one oscillating period,  is the oscillating part of the temperature, and is the resistance of the heating element at temperature . The temperature oscillation of the heater produces harmonics in the potential drop across the resistor that can be used to determine the heat capacity of the sample and sensor 20 . With some mathematical manipulations, Eq.
(4) can be written as a set of two equivalent equations in and .
where L 0 and H 0 represent the heat loss and reaction enthalpy flow averaged over one oscillation period, and  is the sum of their total time derivatives. Eq. (5) describes the monotonic temperature response of the sensor, while Eq. (6) describes its oscillatory response. Further analysis of Eq. (6) eventually leads to the following expression for the heat capacity of the CV 20, [22] [23] in terms of the measured amplitude V 2  and phase angle  of the 2 -harmonic in the voltage across the resistor:
The phase angle and  are related by (8) These expressions are accurate provided that remain constant on the time scale of the temperature oscillations and  be sufficiently small 20 ,
respectively. These conditions are readily satisfied by designing the input current profile following the procedure detailed in reference 20 .
IV. Analysis of solid-state reactions using scanning AC nanocalorimetry
While scanning AC nanocalorimetry allows direct determination of the heat capacity of a sample using Eq. (7), it is also possible to extract information on the enthalpy flow H resulting from any solid-state reaction in the sample by considering the DC component of the calorimetry signal. In this section, we describe a simple but effective method to perform this analysis and use a finite element simulation to verify its accuracy.
Consider the following more explicit form of the energy balance in Eq. (5)
Here, L C represents the power lost to the environment by conduction through the membrane and the heating element, while L R represents the radiative heat loss, both quantities appropriately averaged over one oscillation period. Since measurements are typically performed in vacuum, there is no convective heat loss. The period-averaged past temperature history of the CV is represented by . The analysis method is based on the observations that the radiative heat loss is a function of temperature only, while the conductive heat loss depends on both temperature and temperature history.
Furthermore, for small temperature oscillations, the averaged heat loss terms do not depend on the amplitude of the temperature oscillations. The reaction enthalpy flow, H 0 , generally depends on both temperature and past temperature history.
Consider a typical experiment that consists of two subsequent nanocalorimetry scans with similar but not identical heating rates. The sample undergoes an irreversible solid-state reaction during the first scan, but not during the second. The energy balance equations for both scans are then
where the superscripts in parentheses refer to the scan numbers. Taking the difference between both equations for ( ) ( ) , and rearranging the terms leads to the following expression for the reaction enthalpy flow.
in which the radiative heat loss term has been eliminated. Each of the terms in the RHS of Eq. (14) is readily evaluated in a typical experiment. The first term represents the difference in power supplied in the two scans and is calculated from the applied current and resistance of the heating element using Eq.
(5). The second term arises because the enthalpy of the samples accrues at different rates in the two scans. Since scanning AC nanocalorimetry measurements provide the heat capacity of the CV as a function of temperature, Eq. (7), this term is also easily calculated. Evaluation of this term represents a clear advantage of scanning AC nanocalorimetry over straight DC nanocalorimetry where this term is much more difficult to determine unless the two scans are performed at exactly the same heating rate in a power-compensated scheme and the heat capacity of the CV does not change after the reaction.
The last term represents the difference in conductive heat loss as a result of the different temperature histories of the CV during the two scans. This term is well approximated by the following expression
where the subscript m refers to membrane properties, while h refers to properties obtained by appropriately averaging the heater and membrane properties. A detailed derivation of this expression and the definition of the relevant parameters are found in the Appendix. This expression is evidently somewhat more cumbersome to evaluate. The Appendix also provides a numerical algorithm to accurately evaluate Eq. (15).
In a typical experiment the current supplied to the sensor during the two scans is ramped up at the same rate and the difference in scan rates is caused by the enthalpy associated with a reaction.
Consequently, the first term in Eq. (14) arises because the resistance of the heating element is a function of temperature. This term is usually the dominant term in the expression for the reaction enthalpy flow. The difference in conduction heat loss arises solely as a result of the slightly different thermal histories of the scans and is typically quite small; the same is true for the term associated with the enthalpy. The radiative heat loss, which at elevated temperature is often the largest term in Eq. (11), is automatically eliminated, although some care needs to be exercised if the solid-state reaction changes the emissivity of the CV. This effect shows up as a T 4 -dependence of the reaction enthalpy flow at high temperatures and, if necessary, can be eliminated by fitting the experimental data over a temperature range where the enthalpy flow is expected to be zero.
To validate the analysis method and the algorithm to calculate the conduction loss, we constructed a finite element model (FEM) of the nanocalorimetry sensor using the commercial software package COMSOL Multiphysics 4.3a. Typical experiments were simulated using the FEM model and then analyzed using the procedure described above. The FEM model had the same in-plane dimensions as the nanocalorimetry sensor used for the measurements (Fig. 1 , Table 1 ). To save computational time, we constructed a two-dimensional model using properties averaged over the thickness of the sensor, which is a very good approximation for the real sensor since out-of-plane temperature gradients are entirely negligible in a typical measurement.
The model was heated by sending a current through heating element. Since most measurements are performed in vacuum, only conductive and radiative heat losses were considered. The thermo-physical parameters of the sensor membrane and heating element used in the model (Table I) heat of the CV was selected to make the value equal to that obtained in the measurements. During the simulations, the temperature of the edge of the membrane was fixed at 24°C. Two scans were simulated: one scan in which the sample released enthalpy as a result of a solid-state reaction (scan 1), and one in which it did not (scan 2). The reaction enthalpy released during scan 1 was included in the FEM model as a heat source at the top surface of the CV. The solid-state reaction was modeled as an exothermic two-stage process with a shallow enthalpy peak at low temperature and a sharp peak at elevated temperature. Both peaks were modeled as Gaussian functions of time. The current supplied to the sensor was a DC current equivalent to the current used in the experiments and was given by
The results of the FEM simulations and the analysis are illustrated in Fig. 2 . Fig. 2(a) shows the evolution of the temperature averaged over the CV during both scans. Initially the scans trace each other perfectly, but as the solid-state reaction proceeds the temperature during scan 1 is slightly larger than during scan 2. 
V. Experimental detail A. Fabrication and nanocalorimetry measurement
The PnSC device used for the reactive multilayer measurements was fabricated from a (100) singlecrystal Si substrate employing standard Si-based micro-fabrication processes as described in detail in references 18, 19 . Each sensor on the PnSC device had a SiN x membrane and a W heating element. The thickness of the membrane was 200 nm, while that of the heating element was 100 nm.
Before depositing the Zr/B multilayer, the PnSC sensors was stabilized and calibrated. To that effect, the sensors on the PnSC were resistively heated to a temperature of approximately 1000°C, the maximum temperature range used in this study, for a period of 300 ms, and then cooled to room temperature. This thermal cycle resulted in a small shift in the resistance of the heating element because of microstructural changes in the W. This process was repeated until the resistance of the heater stabilized, typically after five thermal cycles. After conditioning, the temperature coefficient of resistance of each cell in the PnSC device was calibrated by heating the PnSC device over a temperature range from 20°C to 120°C in steps of 20°C. These measurements were performed inside a vacuum furnace with Ar gas at ambient pressure to ensure temperature uniformity within the furnace.
The temperature coefficient of the resistance was then calculated using Eq. (1).
After calibration of the sensors, Zr/B multilayer samples with a bilayer period of 50 nm were sputter deposited onto three sensors of the PnSC device, one for calorimetry measurements and two for additional transmission electron microscopy (TEM). The total thickness of the multilayers was 100 nm and the thickness of the individual layers was chosen to ensure that the sample would form stoichiometric ZrB 2 upon completion of the reaction. The multilayers were deposited in a sputter chamber with confocal magnetrons (ATC 1800 system, AJA International) and a rotating substrate holder (10 rpm). The base pressure of the chamber was better than 10 -7 Torr. Zr was deposited at a rate The samples were deposited through a shadow mask to prevent deposition of material outside of the CV area (Fig. 1a) . The shadow mask was fabricated from a vacuum-compatible UV-cross-linkable polymer (VeroWhite, Stratasys Ltd., MN) using an Objet Connex500 3D printer (Stratasys Ltd., MN)
in the high-quality print mode. As a result of shadowing by the mask, the thickness of the samples varied 70 nm at the edge to 100 nm in the center, as determined by transmission electron microscopy observation. The mass of the samples was estimated at 1.05 µg from the room-temperature heat capacity, in good agreement with the value determined from the deposition flux and the area of the shadow mask windows. scan 1 and scan 2. The multilayer samples reacted during scan 1 and this scan contains the calorimetric signature of the reaction. No reaction took place during scan 2 and this scan was used as a baseline for the first scan. All nanocalorimetry measurements in this study were performed in vacuum to minimize heat loss to the environment using a custom low-noise data acquisition system described in detail in reference 20 . Typical noise levels in the measurements were on the order of 0.1%. The experimental nanocalorimetry data were analyzed following the data reduction algorithm described earlier; the material parameters used in the analysis were obtained from calibration runs on similar devices 19 and are listed in Table I . The heat capacity of the CV was calculated from the 2 -harmonic in the voltage across the heating element using Eq. (5).
B. TEM Observation
Cross-sections of the three multilayer samples were investigated by TEM using a JEOL 2010 system operating at 200 KeV. To prepare the TEM samples, 10 µm x 2µm blocks were isolated from the samples of interest using a (30 keV, 150pA) focused beam of Ga ions inside a Zeiss NVision 40 DualBeam system. These blocks were attached to an Omniprobe and further thinned to a thickness of approximately 100nm using a 30 KeV, 40pA Ga ion beam inside the FIB. Finally, Ar ion milling was performed in a Nanomill 1040 operating at 500 eV to achieve electron transparency and to remove any Ga ions introduced by the focused ion beam. Each specimen was exposed to the electron beam on both sides for a period of 10 minutes with the gun current set at 140 pA.
VI. Results
A. Nanocalorimetry
The results of the scanning AC nanocalorimetry measurements on the first multilayer sample are depicted in Fig. 3 . Fig. 3(a) shows the temperature response of the sample for the two successive scans.
Both curves very nearly trace each other with just a few subtle differences: Initially the slope for scan 2 is slightly greater than for scan 1 indicating that the solid-state reaction has reduced the heat capacity of the multilayer sample. Later on, the temperature in scan 1 is slightly larger than in scan 2 because of 14). To calculate the enthalpy flow a small correction corresponding to a change in emissivity of 2.2% was applied.
the exothermic reaction between Zr and B. At elevated temperatures, the slopes of both temperature curves decline because of significant radiative heat loss. Fig. 3(b) shows the heat capacity of the CV obtained from the 2-signal as a function of temperature for both scans. The heat capacity for scan 1 is larger than for scan 2 and increases slightly with temperature until approximately 720°C, when it suddenly decreases to overlap with the heat capacity for scan 2. As will be demonstrated later, this change coincides with the formation of crystalline ZrB 2 in the sample. Fig. 3(c) depicts as a function of temperature the reaction enthalpy flow for the Zr/B multilayer, obtained from the three terms in Fig. 
3(d).
It is evident from the figure that the reaction in the multilayer proceeds in two stages: there is a broad exothermal peak at low temperature (200 -650°C), followed by a sharp exothermic peak at more elevated temperature (650 -800°C). The total enthalpy of the Zr/B reaction is calculated at -320 μJ by integrating the reaction enthalpy flow with respect to time. Fig. 3(d) shows ( ) as a function of temperature. As for the FEM simulations, the power term dominates, while the conduction loss term is quite small. While nanocalorimetry clearly demonstrates that the solid-state reaction in the Zr/B multilayer proceeds in two stages, it does not provide insight in the precise nature of these stages. That insight is provided by TEM analysis of the samples. layer is approximately 5nm and quite uniform throughout the TEM sample. The Zr layer shows a large variation in grain size, from a few nanometers (Fig. 4(b) ) to a few tens of nanometers (Fig. 4(a) ); no grains were detected in the B layers.
B. Transmission Electron Microscopy (TEM)
To determine the nature of the two stages in the reaction, a nanocalorimetry measurement was performed on a second Zr/B multilayer sample, interrupting the measurement at a temperature of 450°C, before the second stage of the reaction set in, in essence freezing in the structure that develops 
VII. Discussion
The scanning AC nanocalorimetry measurements have clearly identified two distinct stages in the Zr/B solid-state reaction: an exothermal reaction that occurs over a broad range of relatively low temperatures and an elevated-temperature exothermic reaction that occurs over a narrow range of temperatures. We attribute the first reaction to inter-diffusion of Zr and B and the formation of an amorphous Zr/B alloy. There is no evidence that any crystalline Zr-B compounds form at this stage.
The amorphous alloy seems to form at certain preferred sites at the Zr/B interfaces resulting in a very non-uniform distribution of the alloy. Heterogeneous diffusion in multilayers has been observed in other multilayers that alternate amorphous and crystalline layers. In particular multilayers coatings that consist of crystalline Ni and amorphous NiP y alloys show limited inter-diffusion and do not completely homogenize on annealing 29 . The extent of diffusion in these multilayers is controlled by the crystalline layer and by the rate at which P diffuses into the Ni grain boundaries in particular. We suggest here that the broad range of Zr grain sizes from just a few nanometers to several tens of nanometers is , the figure suggests that the heat capacity of the amorphous phase is larger than that of ZrB 2 .
A recent study on reactive hot pressing of Zr and B powders using differential thermal analysis 32 showed that the reaction between Zr and B occurs over a broad temperature range from 300 to 900°C, following a two-step process. It is likely that this process also consists of a combination of interdiffusion and crystallization processes, although diffusion in this case may be controlled by the presence of a native oxide on the Zr grains. Calorimetric studies of the solid-state reactions in Nb/Al multilayers have also revealed double peaks similar to those observed for Zr/B in this study. In the case of Nb/Al, however, the first peak is the result of an interface-limited reaction, while the second peak is associated with a diffusion-limited reaction regime 33 .
The enthalpy of the Zr/B solid-state reaction is estimated at 36 kJ/mol, which is significantly smaller than the value of 297 -323 kJ/mol reported in theoretical and experimental studies on ZrB 2 4, 34 . The low value of the enthalpy is consistent with the incomplete reaction of B and Zr observed in the TEM and suggests that only about 12% of the sample reacted to form ZrB 2 . Although it is difficult to confirm the conversion rate quantitatively in the TEM, we believe that this number slightly underestimates the actual conversion rate because of some intermixing of Zr and B during the deposition process as observed in the unreacted sample. The largest source of error in the conversion rate is the noise in the PnSC voltage measurements (0.1%), which causes an error of approximately 10%
in the enthalpy flow. The uncertainty in the mass of the multilayer sample is estimated at 8%. Given that the Zr/B reaction is very exothermic 4, 34 , it may be possible to use Zr/B multilayers as a heat source [24] [25] [26] [27] [28] for brazing of ultrahigh-temperature ceramics. For this application, it will be necessary, however, to significantly increase the conversion rate of the reaction through optimization of the multilayer deposition process. The conversion rate may be further enhanced by increasing the total thickness of the sample, which would reduce the heat loss relative to the reaction enthalpy and thus allow the sample to reach a higher temperature.
Finally, it should be pointed out that scanning AC nanocalorimetry combined with the relatively simple data reduction method described in this article is a promising technique for the characterization of reactions in reactive multilayers and of solid-state reactions more generally. The technique provides the same thermodynamic information for thin films as macroscopic calorimetry -one of the most useful tools in the study of materials -for bulk materials. Furthermore, scanning AC nanocalorimetry can access a very wide range of scanning rates making it a useful tool for kinetics studies.
VIII. Conclusions
AC nanocalorimetry combined with the data reduction procedure discussed in the present article makes it possible to measure both heat capacities and reaction enthalpies for thin-film samples, making it the ideal tool for studying solid-state reaction in multilayer samples. This technique has been applied to characterize the Zr/B multilayer reaction. The reaction proceeds in two stages, both of which are exothermic: inter-diffusion of Zr and B resulting in an amorphous Zr/B alloy and crystallization of this alloy to form ZrB 2 . The inter-diffusion process occurs in a heterogeneous fashion at relatively low temperatures, while the crystallization process occurs at more elevated temperatures. As the ZrB 2 formation reaction is very exothermic, Zr/B multilayers may be useful in brazing applications of hightemperature ceramics, provided the conversion rate can be further improved through optimization of the multilayer deposition process. 
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The integral in Eq. (A7) is difficult to calculate numerically for arbitrary functions f(t). Here we describe a simple method to evaluate the integral for an experimentally measured temperature history based on the realization that the integral is analytical for a linear temperature history. Specifically, if the experimental temperature history consists of a set of n data points (t i , T i ) and is represented by a linear spline, the temperature profile at time t n is well approximated by
where and .
The heat lost by conduction into the membrane is then given by where t is the time scale of the experiment. Given the approximate character of the analysis, the preferred method of eliminating the conduction loss from experimental nanocalorimetry data is to take the difference between two subsequent scans with similar thermal histories. The above analysis can then be applied as a small correction to account for the difference in conduction loss as a result of the slight difference in thermal history between the two scans. That is the approach taken in this study.
Finally, the conduction loss through the heating element can be estimated using a similar approach.
Because the element generates heat, it is necessary to include a volumetric power term in the left hand side of Eq. (A1)
where the physical constants now refer to the composite properties of the heating element and the membrane. The volumetric power changes with temperature through the temperature-dependence of the resistivity of the heating element
so that Eq. (A14) can be reduced to
Writing this equation for the temperature difference between two subsequent scans eliminates the last term on the right hand side of the equation and an equation of the type (A5) is recovered. As long as P o is constant and P o < c p / , the same approach can be used to calculate the conduction loss through the heating element as for the membrane.
